Mechanical stimuli, including tactile and sound signals, convey a variety of information important for animals to navigate the environment and avoid predators. Recent studies have revealed that Drosophila larvae can sense harsh or gentle touch with dendritic arborization (da) neurons in the body wall and can detect vibration with chordotonal organs (Cho). Whether they can also detect and respond to vibration or sound from their predators remains an open question. Here we report that larvae respond to sound of wasps and yellow jackets, as well as to pure tones of frequencies that are represented in such natural sounds, with startle and burrowing behaviors. The larval response to sound/ vibration requires Cho neurons and, to a lesser extent, class IV da neurons. Our calcium imaging and electrophysiological experiments reveal that Cho neurons, but not class IV da neurons, are excited by natural sounds or pure tones, with tuning curves and intensity dependence appropriate for the behavioral responses. Furthermore, our study implicates the transient receptor potential (TRP) channels NOMPC, NANCHUNG, and INACTIVE, but not the dmPIEZO channel, in the mechanotransduction and/or signal amplification for the detection of sound by the larval Cho neurons. These findings indicate that larval Cho, like their counterparts in the adult fly, use some of the same mechanotransduction channels to detect sound waves and mediate the sensation akin to hearing in Drosophila larvae, allowing them to respond to the appearance of predators or other environmental cues at a distance with behaviors crucial for survival.
I
n the life of insects, sound signals mediate important information that is used in various contexts, ranging from courtship to detection of predators or prey (1, 2) . Insects are equipped with sensitive receptor organs for detection of sounds and the underlying neural network enabling recognition and localization of the targets in a complex environment (3) . Chordotonal organs (Cho), the main hearing organs for insects, are specialized mechanosensitive organs found in the Insecta and Crustacea (4) (5) (6) (7) that may serve as proprioceptors or as cutaneous mechanoreceptor organs (8) .
In the adult fruit fly Drosophila melanogaster, Cho neurons of the Johnston organ in the antenna mediate both hearing and sensing of gravity and wind (9, 10) . Larval Cho have similar developmental programs (11) and structures as their adult counterparts, suggesting that they might be capable of sensing sound/ vibration. Previous studies have shown that larval Cho play a role in low-temperature sensation (12, 13) . Moreover, mistargeting of Cho axons in the ventral nerve cord (VNC) impairs the larval response to tactile vibration (14) , suggesting that Cho neurons might be involved in vibration sensing as well.
The mechanotransduction channels in sound sensation have been studied extensively for decades. Several transient receptor potential (TRP) channels and proteins have been implicated in mechanotransduction in the Cho neurons of adult flies. TRP channels usually form nonselective cation channels, which have been found in many types of sensory neurons as well as other cell types. They function as sensors for both intrinsic signals and external stimuli (15, 16) . The TRP channel NOMPC (TRPN1) is thought to be a component of the transduction complex (17) . Loss of NOMPC eliminates mechanical response in touch-sensitive neurons, and amino acid substitutions in the putative pore domain of the channel can alter ion selectivity (18) (19) (20) (21) . The loss of NOMPC does not entirely eliminate sound-evoked response in the adult Drosophila auditory nerve, however. Two other Drosophila TRP channels, NANCHUNG (NAN) and INACTIVE (IAV), likely function as heteromers (22) , and mutations of either channel render the fly deaf (22, 23) . These TRPV family members also could be part of the transduction complex. The precise roles of NOMPC/NAN/IAV in the mechanotransduction of Cho neurons remain unclear. PAINLESS, a Drosophila TRPA channel (24) , along with dmPIEZO, one of the first mechanotransduction channels identified in Drosophila, are involved in mechanical nociception (25) ; however, whether they have a role in sound sensing is unknown.
In the present study, by combining in vivo recording and behavioral tests, we are able to study the capabilities of Drosophila larvae to detect and respond to sound and to evaluate the role of Cho neurons in this behavior. We also explored the potential roles of different TRP channels and dmPIEZO channels in Cho neurons for sound sensation.
Results
Drosophila Larvae Are Capable of Sensing Sound. Many animals, including insects, display startle-freeze behaviors, which serve as a readout of the hearing response (14) . In the natural environment, larvae encounter many types of sounds, including those made by predators. We found that larvae responded to the natural sound of a wasp with a startle behavior (Movie S1). Spectral analysis of those natural sounds revealed that the frequency centered around 400 Hz (Fig. S1 ).
Freely moving WT Drosophila larvae also froze in response to sound stimulation triggered by a pure tone of 500 Hz, within the range of the frequencies of natural sounds made by wasps and yellow jackets. Larvae normally explore the open field on an agar plate with a rhythmic locomotion pattern (26) . When exposed to a sound, they immediately stopped crawling, retracted their mouth hooks, and made excessive turning movements (Fig. 1A and Movie S2), as reported previously (14) . To quantify this startle behavior, we scored the number of times that each larva responded to sound stimuli presented 10 times in each trial. The WT larva had a score close to 8 when stimulated with a 70-dB pure tone; the greater the sound intensity, the higher the response score (Fig. 1B) . We then observed the behavior of third instar larvae of the wandering stage in regular cornmeal fly food on exposure to prolonged sound stimulation. Normally, the larvae moved about on the surface or slightly below the surface of the food medium (Fig. 1C) . On exposure to a pure tone of 500 Hz (1-s duration/3-s interval), most of the larvae on the surface began to dig and burrowed inside the food within 5 s. Shortly after termination of the sound stimulation, these larvae reemerged at the surface ( Fig. 1 C and D) .
By expressing the tetanus toxin light chain (TNT) in different classes of dendritic arborization (da) neurons or Cho neurons to interfere with their synaptic transmission, we found that TNT expression in Cho neurons eliminated the startle response (Fig.  1B) , whereas blockage of class IV da neurons' synaptic transmission reduced the response (Fig. 1B) . In contrast, this behavioral response to sound was not significantly altered by TNT expression in class I or III da neurons (Fig. 1B) . This finding indicates that the startle response to sound requires signaling of Cho neurons, as suggested previously (14) , and, to a lesser degree, also involves synaptic transmission from class IV da neurons.
Sound-Induced Action Potential Firing in Cho Neurons. To identify the sensory neurons that can respond to sound directly, we used suction electrodes for extracellular recording from the distal end of a nerve bundle. The nerve bundle was severed from the VNC and included axons of sensory neurons, allowing us to monitor the action potentials of most of the sensory neurons in a single hemisegment. We found an increase in the firing rate in response to a pure tone of 500 Hz/70 dB, indicating the presence of sound sensors within the body wall ( Fig. 2A) .
We next performed similar recording of nerve bundles from ato 1 mutant larvae, which lack Cho neurons and a subset of multiple dendritic (md) neurons (11, 27) . We found no electrophysiological response to sound in the ato 1 mutants (Fig. 2A) , suggesting that Cho and/or md neurons might serve as the sound sensors.
To test whether Cho and/or md neurons mediate the response to sound, we directly recorded from different types of sensory neurons labeled with GFP. We found no sound response in class I, III, and IV da neurons and bipolar dendritic (bd) neurons (Fig.  2C) . Through focal recording on the soma of a Cho neuron (Fig.  S2 ), we were able to monitor the action potential firing of an individual Cho neuron. Each of the abdominal hemisegments contains three singlet Cho neurons (vchA, vchB, and lch1) and a cluster of five Cho neurons (lch5) (28) (Fig. S2) . Both the vch and lch Cho neurons exhibited spontaneous firing, and responded to a 500-Hz pure tone of 70 dB with increased action potential firing (Fig. 2B) . With longer stimulation (10 s), the sound response displayed rapid adaptation (Fig. 2D) . We also tested the Cho neuronal response to natural sounds. Cho neurons responded to the sound of yellow jacket, a common predator of Drosophila in nature (29) , with increased firing (Fig. 2B) .
To characterize this response, we evaluated the Cho neuronal response to different frequencies of sound at the same intensity. The Cho neuronal response to sound was broadly tuned in the frequency range tested (100-1,000 Hz), and showed the highest sensitivity to a pure tone of 500 Hz (Fig. 2E ). At the same frequency, the louder the sound, the stronger the response from individual Cho neurons (Fig. 2F) . In most cases, the termination of a sound stimulus was followed by reduced firing (Fig. 2 A and  B) , as has been observed in the mammalian auditory system as well (30) . Ca 2+ Increases in Cho Neurons Responding to Sound. We performed in vivo Ca 2+ imaging to provide cellular characterization of the sound response of Cho neurons in intact larvae. The Ca 2+ indicator GCaMP5 (31), driven by Cho-specific Gal4, was used to monitor the Ca 2+ response in these neurons. We found dramatically increased GCaMP fluorescence in Cho neurons on exposure to a 500-Hz sound of 70 dB (Fig. 3A) . In contrast, class IV da neurons did not respond to a similar sound stimulation with increased Ca 2+ levels (Fig. S3) . The GCaMP fluorescence was increased throughout the Cho neuron, with the greatest increases seen at the dendritic tip and the initial segment of axons ( Fig. 3A and Movie S3).
Using faster imaging to resolve the spatial distribution of Ca 2+ response, as indicated by GCaMP fluorescence within Cho neurons during the sound response, we found that the Ca 2+ signal was initiated at the distal end of the dendritic tip and propagated to the cell body over a course of hundreds of milliseconds (Fig. 3A) . These Ca 2+ dynamics within Cho neurons might play a role in signal transduction or adaptation to sound. In vertebrate hair cells, the spatial distribution of Ca 2+ has been found to be important for adaptation to sound (32, 33) . Ca 2+ signals also could be elicited by natural sounds from wasps or yellow jackets (Fig. 3B) . We also tested the Cho response to high-frequency sounds, which serve as a danger signal for some insect species (34) , and found that the Drosophila larval Cho neurons were insensitive to a pure tone of 10 kHz (Fig. S4) .
The Ca Cho dendrites revealed that this tuning curve was broadly tuned in the frequency range tested (100-1,000 Hz), with the maximal response at 500 Hz (Fig. 3C) . The Ca 2+ response increased in a stimulus-dependent manner with increasing sound intensity (Fig. 3D) .
The axons of Cho neurons merge with axons of other sensory neurons and project to the midlateral VNC. We also imaged the Ca 2+ signals in the axon termini of Cho neurons in the VNC, and found an increase in Ca 2+ in response to both the pure tones and natural sounds (Fig. 3E) .
By expressing G-GaMP5 with teashirt-Gal4, which labels most of the neurons in the VNC (35), we found that the central neurons exhibited an increase in Ca 2+ in response to both pure tones and natural sounds (Fig. 3F) , indicating that the sound information conveyed by Cho neurons is relayed to central neurons.
TRP Channels Are Involved in the Cho Sound Response. To begin to uncover the molecular mechanisms underlying the Cho neuronal response to sound, we next tested the Ca 2+ response to sound of larval Cho neurons in several different mutants. TRP channels have been implicated in the mechanotransduction of adult Cho neurons. The TRPN channel NOMPC is important for hearing in adult Drosophila, as well as in larval locomotion and gentle touch behavior (18) (19) (20) (21) (36) (37) (38) . Immunostaining revealed expression of NOMPC protein in the cilium of larval Cho neurons (Fig. S5) , similar to its localization in adult Johnston organs (19) . Cho neurons of the nompC mutant did not respond to a low level of sound that was sufficient to trigger a Ca 2+ response in Cho neurons of WT larvae (Fig. 4C ); however, a higher level of sound stimulation elicited a response revealed by extracellular recording and Ca 2+ imaging (measured at a 500-Hz pure tone) of Cho neurons lacking NOMPC. This response was weaker in the nompC mutant than in WT Cho neurons (Fig. 4 A and C) , but the tuning curve appeared to be normal (Fig. S6) . The defect in Ca 2+ response could be rescued by expressing WT NOMPC in Cho neurons (Fig. 4C) , indicating that NOMPC is involved in the sound response in Cho neurons.
Two other Drosophila TRP channels, IAV and NAN, are required for hearing in adult Drosophila, and the function of one depends on that of the other (22, 23) . We found that Cho neurons in iav 1 mutant larvae exhibited a lower spontaneous firing rate and no increase in action potential firing in response to sound ; NOMPC-Gal4, UAS-NOMPC/UAS-GCaMP5, UAS-mCherry. iav: iav 1 /Y;;NOMPC-Gal4, UAS-GCaMP5, UAS-mCherry. n = 7, 7, 7, 8 (Top to Bottom). *P < 0.001, unpaired t test between Ctrl and nompC 1/3 ( Fig. 4B) . Ca 2+ imaging also revealed no response of iav 1 mutant Cho neurons to sound (Fig. 4 B and C) .
Importantly, the larval startle response to sound was reduced or eliminated in TRP channel mutants. The nompC mutant larvae exhibited greatly reduced response, whereas the iav 1 and nan mutant larvae were unresponsive to sound stimulation (Fig.  4C) . With a stronger stimulation intensity (80 dB), the nompC mutants demonstrated a detectable sound response. The defect in the nompC mutants was largely rescued by expression of WT NOMPC in the Cho neurons (Fig. 4D) . The dmPIEZO channel, which is required for nociception of Drosophila larvae, apparently is not required for the sound response even though the expression pattern of dmPiezo-Gal4 suggests expression of dmPIEZO in Cho neurons (25) , given that the dmpiezo ko mutant exhibited a behavioral response to sound similar to that of WT larvae (Fig. 4D) .
Discussion
In this study, we have explored the role of Cho neurons and mechanosensitive channels of Drosophila larvae in the sound/ vibration sensation. Our results support the previous suggestion that Cho are essential for the startle response of larvae to vibration (14) . In addition, we report several heretofore unreported findings: (i) Along with exhibiting the the startle response, the larvae burrow into soft food in response to sounds, including those of predators; (ii) the larval response to sound requires Cho neurons and, to a lesser extent, class IV da neurons; (iii) Cho neurons, but not class IV da neurons, are excited by natural sounds or pure tones, with tuning curves and intensity dependence appropriate for the behavioral responses; and (iv) TRP channels (including NOMPC, NAN, and IAV), are required for Cho neurons to sense sound, but the dmPIEZO channel is not.
The ability to sense mechanical stimuli that indicate potential harm is important for survival (39, 40) . Drosophila larvae use their mechanosensory neurons to sense the mechanical pain caused by a predator attack (29) . The da neurons on the body wall are capable of sensing gentle and harsh touch, allowing larvae to move away from harm (20, 25, 41) . Their survival could be further enhanced if larvae could detect signals such as sound from predators at a distance. Our results show that Drosophila larvae exhibit startle behavior in response to certain frequencies of sound, including the sound from predators such as wasps and yellow jackets. This startle behavior and ensuing escape or avoidance behavior may increase a larva's chance of survival. Interestingly, Drosophila larvae are highly sensitive to low-frequency sounds but not to high-frequency sounds, unlike some other insects that can detect high-frequency sounds including ultrasonic sounds (1, 8) . This diversity in hearing might reflect evolutionary adaptation to different predators for organisms ranging from insects to bats, and might entail interspecies differences at both structural and molecular levels.
We found that although both Cho neurons and class IV da neurons are involved in the sound-triggered startle response, only Cho neurons are sensitive to sound. Class IV da neurons may have modulatory effects on the neural circuits activated by the Cho neuronal response to sound-a likely scenario, considering that class IV da neurons mediate avoidance behaviors to several noxious stimuli (25, 29) . The startle response and avoidance of sound also may depend on this neural circuit for avoidance behaviors. Alternatively, class IV da neurons may contribute to the behavioral response through their involvement in peristalsis (29) .
Several TRP channels have been implicated in hearing and touch sensation in Drosophila, although the roles of these channels in mechanotransduction may differ in different sensory neurons. For example, NOMPC is critical for touch sensation but IAV and NAN are not (20) , whereas IAV and NAN are important for adult hearing (9, 42, 43) . With respect to larval Cho neurons, it appears that IAV and NAN are required for sound transduction, whereas NOMPC function is important, but not essential, for the detection of loud sound. A possible model is one in which NOMPC serves as one of the primary sensors for sound and enhances the movement of the Cho neuronal cilium to activate IAV and NAN, which may be able to sense loud sound on their own in the absence of NOMPC. An alternative model has been suggested for the adult Johnston organs, which may use IAV and NAN rather that NOMPC as the primary sensor (44) .
Given that the cytoplasmic G-CaMP5 might not be localized to the small structure within the tip of the cilium, the Ca 2+ imaging method in our experiments might not be sufficiently sensitive to detect Ca 2+ influx at the site of mechanotransduction. Thus, the absence of a Ca 2+ signal in Cho neurons might be attributed to the lack of downstream amplification. dmPIEZO, one of the first mechanotransduction channels identified for mechanical nociception in Drosophila larvae, appears to have no involvement in hearing, suggesting that larvae make use of different channels for different modalities of mechanosensation.
Recent microarray studies have identified hundreds of genes implicated in the hearing of adult flies. Many of these genes also have been implicated in other sensory modalities besides hearing (42) . A major challenge is the difficulty of recording from a single neuron in the adult antenna. The larval Cho neurons are accessible to electrophysiological recording at single-cell resolution. Moreover, the entire structure of a Cho neuron can be imaged simultaneously in vivo. In conjunction with the extensive genetic resources available, larval Cho neurons lend themselves to mechanistic studies of mechanotransduction for hearing in Drosophila. Behavior Assay. Animals were raised at 25°C in an incubator with a 12-h light/ dark cycle and humidity control (Darwin Chamber Co.). For the startle assay, at 96 h after egg-laying, 10-20 third instar larvae were gently removed from the vial, washed twice with PBS, and then transferred to a 50-mm agar plate. The larvae were allowed to crawl freely at room temperature. The plate was placed on top of a speaker, and the behaviors of the larvae were videotaped with a camera placed atop the setup. For evaluating larval sound response, the larvae were stimulated with a 1-s sound pulse, repeated 10 times. The sum of responses in 10 trials served as the response score. A larva was scored as responsive when exhibiting startle behavior, including pausing, mouthhook retraction, excessive turning, and/or backward locomotion, in response to the sound stimulation.
Materials and Methods
For the avoidance assay, a spoonful of food (5 mm × 20 mm × 5 mm) with approximately 100 third instar larvae was taken from a bottle and spread on a Petri dish, which was then placed on top of a speaker. The entire food surface was videotaped. The surface number was determined by counting the larvae with at least half of their full length exposed. A custom-made MATLAB program was used to generate sound waves with different patterns. Natural sounds were obtained from the JungleWalk Web site (www. junglewalk.com).
In Vivo Ca 2+ Imaging. In vivo calcium imaging of larval Cho neurons was performed with third instar larvae. A freely moving larva was pressed between two coverslips with a drop of PBS to reduce its movement. The imaging data were acquired with a Zeiss LSM510 confocal microscope. The calcium indicator GCaMP5 was used to measure the Ca 2+ signal. GCaMP and red fluorescent proteins (as references) were excited by a 488-nm and a 543-nm laser, respectively, and the fluorescent signals were measured. The GCaMP fluorescence demonstrated a dramatic increase on sound stimulation, whereas the red fluorescent proteins showed no change in fluorescence when the same stimulus was delivered to the neurons. A region of interest covering the distal one-third end of the Cho was selected to measure GCaMP fluorescence intensity.
The average GCaMP signal from the first 5 s before application of stimulus was taken as fluorescence (F) 0 , and ΔF/F 0 was calculated for each data point. G-CaMP signals from the soma or the distal dendritic tips were analyzed. Electrophysiological Recording. Third instar larvae were pinned on the recording chamber. Fillets were prepared by dissecting larvae in hemolymph-like saline solution with minor modifications (45) , containing 103 mM NaCl, 3 mM KCl, 5 mM 2-([1,3-dihydroxy-2-(hydroxymethyl)propan-2-yl]amino)ethanesulfonic acid, 10 mM trehalose, 10 mM glucose, 7 mM sucrose, 26 mM NaHCO 3 , 1 mM NaH 2 PO 4 , and 4 mM MgCl 2 , adjusted to pH 7.25 and 310 mOsm. Before use, 2 mM Ca 2+ (in the form of CaCl 2 ) was added to the saline solution. Major muscles covering the body wall were gently removed with fine forceps, and the da neurons were exposed. Extra muscles covering the Cho neurons were removed by electrodes under microscopy. Cho neurons were visualized and identified by fluorescent markers driven by IAV-Gal4 or NOMPC-Gal4 drivers. Glass electrodes for electrophysiological recording were pulled with a P-97 puller (Sutter Instruments) from thick wall borosilicate glass to a diameter of 10 μm, fire-polished. and filled with external solution. Action potentials were recorded extracellularly at a sample rate of 10 kHz and then low-pass filtered at 2 kHz. Data were acquired and processed with a Multiclamp 200B amplifier, a Digidata 1440A data acquisition system, and Clampex 10.3 software (Molecular Devices). Neurons with spontaneous activity were chosen for further stimulation.
Immunostaining. Immunostaining of Drosophila larvae was performed as described previously (46) . In brief, third instar larvae were dissected in PBS, fixed in 4% paraformaldehyde solution for 20 min at room temperature, and treated with the primary antibody overnight at 4°C and secondary antibody for 2 h at room temperature. The primary antibody was a mouse mAb against NOMPC (1:100; a gift from J. Howard, Max Planck Institute, Dresden, Germany), and the secondary antibodies were appropriate fluorescence conjugated anti-mouse IgG (1:200; Jackson ImmunoResearch). Images were acquired with a Leica SP5 confocal microscope.
Data Analysis and Statistical Methods. The extracellularly recorded action potentials of Cho neurons were detected by a threshold-based search of the single-unit recordings with custom-made MATLAB programs. A time window of fixed duration (1 s) was used before and during stimulation. The response firing number was calculated as the difference between the two time windows. A poststimulus time histogram for a single cell was plotted for the number of spikes in a 50-ms bin. The unpaired t test was used for significance testing.
